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Technology + Architecture 



Not add-on 



Better? 
Bullitt Center 
Living Building: 
Net Zero Energy 
Net Zero Water 



Better? 
Bullitt Center 
Living Building: 
Net Zero Energy 
Net Zero Water 

AMAZING! 



Better? 
Bullitt Center 
Living Building: 
Net Zero Energy 
Net Zero Water 

“UGLY!” 
says School of Architecture 



Beyond technology development 
          … technology integration  
                   across disciplines 



Engineering Architecture 

Building design silos 

BSE Mech Eng 
MS Env Eng 

New York 
NASA GISS 

Iowa 
Univ. of Iowa 
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Bridging the divide 

Engineering Architecture 

Exergy 
?? 



for architects? 



…not just a misspelling  

Energy in Energy out 

… a better measure of  energy potential 



Understanding value 

50 dollars 50 dollars 



Both amount and value matter 

50 dollars US 50 dollars Sing ≠ 



What about energy? 

50 kWh 50 kWh 



Must consider amount and value 
value = quality 

50 kWh heat 50 kWh elec ≠ 



energy systems are designed with the 
wrong exchange rate 

    ... thermodynamics can help 



eXergy 
Energy + Entropy 



LowEx  
Design with Thermodynamics 



Exergy Balance 
Energy balance + Entropy balance 



Understanding  irreversibility  
Exergy and Anergy 



All architects need to know:  
temperature matters 



European Exergy 

300	  mL	  @	  40	  °C	  
Luke	  warm	  Coffee	  

30	  mL	  @	  90	  °C	  
Espresso	  

@20°C	  
Reference	  

Temperature	  

25	  kJ	  Energy	  
800	  J	  Exergy	  

9	  kJ	  Energy	  
1000	  J	  Exergy	  



For heating in Switzerland: 

•  Combustion in buildings wastes exergy! 

•  1000+ °C Flame, 
to heat a 20 °C 
room! 
•  >75% Exergy 

lost 
•  Heat pumps have 

a higher potential 



Performance and temp 



System and integrated performance 

Typical Chiller

Typical Improvement

LowEx Improvement

Temperature Lift (Kelvin)
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Exergy and Buildings 

98% Energy Efficiency 10% Exergy Efficiency 

Meggers, Leibundgut: IJEX 2012  



What are LowEx Buildings? 
•  Low Exergy (LowEx) buildings match quality of 

energy flows in buildings 
–  Low temperature heating / High temperature cooling 

✤  ... but LowEx buildings are also not Passive House 

✤  optimal insulation, not maximal insulation 

Low Exergy 
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Temp H°CL
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cool 
exergy 

Warm 
exergy 

Environmental Temperature with 20°C indoor air 

70°F 



Singapore Exergy  

500	  mL	  @	  0	  /	  20	  °C	  
½	  Ice	  cream	  ½	  root	  beer	  mix	  

500	  mL	  @	  10	  °C	  
Melted	  ice	  cream	  and	  root	  beer	  

@20°C	  
Reference	  

Temperature	  

21	  kJ	  Energy	  
1.4	  kJ	  Exergy	  

21	  kJ	  Energy	  
0.72	  kJ	  Exergy	  



Singapore Exergy 

Air Cooling @ 8°C Radiant Cooling @ 18°C 

Standard Low Exergy 

8°C 8°C 

8°C 

8°C 

8°C 

8°C 



LowEx Tropics Prototype 

Low Exergy Module 



BubbleZERO 
      Zero Emission Research Operation 



BubbleZERO Initial plan 



Implementation 

--Sht75 Sensor
(Temperature & humidity)

--Airbox Controller
(fan speed, power, etc.)

--Indoor Telosb sensor
(temperature & humidyty)

--Outdoor Telosb sensor
(temperature & humidyty)

Airbox1

Airbox2

Airbox3

Airbox4

--Temperature

--Flow rate

--Pump

Ceiling 
Panel1

Ceiling 
Panel2



Special lighting and glazing 

M-Glass 
LEDs in exhaust 



How to build a research lab in 2 months 
that can be shipped to Singapore 















































…then 4 months of sweating in Singapore 







































…and you have to get evicted once 









NEW FAÇADE for solar angle SHGC testing 



Full Installation 



BubbleZERO – The complexity reduction, elegance generation machine 



Elegance? 



Elegant operation 

18°C 18°C = 65°F 18°C 

24°C = 75°F 

21°C = 70°F 

3°C       5°F 

3°C       5°F 

2x Temperature = 2x Heat  



Indoor rain: not so elegant 

CHALLENGE: Humidity 



Sensors 



Operation   

Path to improvement: 
•  Demand Optimization: CO2 Control 

•  Recovery systems: Enthalpy recovery 
•  A2 AirFlow Panel (Breshears) 

•  Optimal: Desiccant dehumidification 
•  CHALLENGE: LowEx regen. 



SinBearBest Sensor Collaboration 
Inaccuracy Characterizations for sensors 

Average error of k sensors 
for the Minimal error set 
of sensors and a random 
choose of sensors.  

Average error of k sensors 
for the Minimal error set 
of sensors and the worst 
choose of sensors.  

Each figure plots the pdf of 
the difference of the average 
of k sensor readings with the 
average of all nts=7 sensor 
readings. The best, worst and 
random set of sensors are 
selected based on their 
resulting Δrms error.  

Maasoumy 
Et al, 
ICCPS 
2013 



EM Saber et al. Building and Environment, Volume 82, 2014, 361 - 370 

http://dx.doi.org/10.1016/j.buildenv.2014.09.001 
 

Cooling Analysis 



Temperature Analysis 

EM Saber et al. Building and Environment, Volume 82, 2014, 361 - 370 



Temperature Analysis 

EM Saber et al. Building and Environment, Volume 82, 2014, 361 - 370 



Temperature Analysis 

EM Saber et al. Building and Environment, Volume 82, 2014, 361 - 370 



From prototype to pilot 
      … sometimes eviction is good! 



Pilot Project 

•  Collaboration on large campus building 
at United World College in Singapore 



Systems across scales 
    … and space 
       Beyond Efficiency 
         3 for 2 in Singapore 



efficient 
SPACE? 



Architect’s 
default: 2m 



3 for 2 Project 

2 floors 3 floors 



Conventional high-rise 



Free space in Singapore 



http://beyondefficiency.blogspot.com 



… getting back to Princeton 
              learning this summer what 

    Olgyays knew in the 1950s 











Architectural Laboratory 



Architectural Laboratory 

NEW 



2013, A new tenant: 

Embodied Computation Lab 
Axel Kilian 



Backwards + Forwards in Arch Lab 



Backwards + Forwards in Arch Lab 



2014: Meggers summer research 

•  Beyond Shading 
– Experiments in radiant cooling pavilion 
– Radiant Umbrella 
– ThermoHelioDome (Foam Dome) 

•  Geothermal potentials 
– Exploring new USGS geothermal database 

•  Aerial Vehicles for energy analysis 
– Summer student initiated research concept 



2014: Meggers summer research 



CHAOS team 



CHAOS team 



•  Combine standard 
radiant concrete 
with indirect evap 

•  New evaporative 
membrane surface 
–  CBE Senior Thesis 

•  New reflective 
radiant system 

Beyond shading 

 

   2/36  

through, forcing contaminants to remain in 

the liquid phase rather than passing through 

or accumulating in the membrane (Loeb, 

517). A patented application of such a 

process was proposed for cooling at high 

altitudes or beyond the atmosphere, in 

which a hydrophobic Teflon-based 

membrane is utilized to act as the barrier 

between a liquid layer flowing within the 

laminar regime and the vacuum of outer 

space (U.S. Patent 5,946,931). To extend 

the utility of this patent, a design was 

proposed in which a ceramic membrane, 

rather than Teflon, be used as the liquid barrier. By inducing hydrophobicity through 

treatment with candidate silanes and coupling it with a highly porous support, the 

evaporative cooling system depicted in figure 1.1 is proposed.  

Aside from potential to cool the interior of the building, there may also be potential 

for such a system to reduce the heat island effect within an urban setting. Work 

performed by Wang et al. (2011) provides a numerical approach to calculate surface 

temperatures of buildings within an urban landscape, taking into account the dynamic 

interaction of radiative, evaporative, convective, and conductive heat transfer. The system 

in this thesis provides another surface for latent heat removal through evaporation other 

than vegetative surfaces (Wang et al., 188). At steady state, latent heat removal reduces 

Figure 1.1: System Schematics – Illustration of 
system geometry. Here wI is the structural 
building material width, wW is the width of the 
water column, wM the width of the membrane, and 
wO the width of the membrane support structure, 
or outer wall. Brick was chosen as an example 
material for this illustration. 

Eric Teitelbaum thesis 

Exploring radiant exchanges: 



Evaporative Cooling 

•  Adding water to air causes the temperature 
to drop adiabatically (no change in heat) 

= Sweating 
= Swamp Cooler 
 
 



Beyond Shading Preliminary Concept 

1.  Evap 
2.  Radiant 
3.  Reflect 



Cool Pavilion 2-week prototype 



Radiant cooling reflecting umbrella 





Thermal Camera 
thanks Prof Gmachl and Germano 



Thermal (IR) Imaging 



Thermal (IR) Imaging 



Thermal (IR) Imaging 



Thermal (IR) Imaging 



Thermal (IR) Imaging 



Beyond Shading version 2.0 



Parabola to Done with cones 



Parabola to Done with cones 





ThermoHelioDon 

Olgyay. Design with Climate, 1963 



ThermoHelioDon 

Olgyay. Design with Climate, 1963 





ThemoHelioDome (foam dome) 







Where do we go from here? 



Re-radiation - playing with surfaces 

•  Playing with emissivity and absorptivity 



Deep-ish Geothermal Potential 

About 1°F / 100 ft 
Neglected potential 

Deeper better for community scale 
District heating & cooling 
Thermal battery 
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Princeton Elizabeth 



Turbo Heat Pump 

Source:  Wyssen et al, Hochschule Luzern, Switzerland 

Heating  
COP = 18 
 
Best avail: 
COP = 5-8 

Temperture Lift 

Evaporation Temperature 50°F 
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Princeton campus as a (LowEx) lab 

~150 boreholes 

~200 boreholes 

~150 boreholes 

50
0 
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Tom Nyquist: 
Energy Plan  

Arch Lab 
1x 3000 ft 

IEA ECB Annex 64 – LowEx Communities Subtask comparing to CoGen 



Evaporative cooling facade 

•  Evaporate through a dry façade structrue 



“Natural” airflows of  the built 
environment 

Bruelisauer, Meggers, Saber, Li, Leibundgut; EnB 2013  

Stack and stuck effect 



IR + Aerial Vehihle 

+ 



Desiccant LowEx regeneration 

Test a new desiccant with low  
regeneration temperature 



Conclusion = Potential 

 
 
 
Thermodynamic potential  
                   can instigate novel design potential 


